There are two central concepts in the analysis of mobility of landslides: the run-out distance which is defined as the horizontal distance between the initial centre of mass of the sliding material and the centre of mass of the sliding material subsequent to the landslide and the area which is defined as the total area affected by the landslide. Using multivariate regression analysis for a comprehensive set of 83 submarine landslides off the coast of the continental United States, this paper examines the determinants of landslide mobility. Key findings are as follows. First, a 1% increase in landslide volume leads to a 0.40% reduction in mobility, while the presence of a cohesive landslide leads to a 0.66% increase in mobility. Second, a 1% increase in volume leads to a 0.85% increase in area, while the presence of a cohesive landslide leads to a 0.21% reduction in area. Third, a fixed effects model may be appropriate in pooling samples across regions.
Introduction
Submarine landslides are a principal mechanism for the transfer of sediments from continental slopes to the deep ocean. Sediments which are transported from either the land or from the continental shelf are typically first deposited on the upper continental shelf. Here, the newly arrived sediments mix with other sediments which are settling from the water column and deposited on the maritime slopes. These sediments may be only temporarily deposited on the slopes, because slope instability can lead to failures of the slope, to landslides and to further transport to the deeper ocean. A number of factors can lead to marine landslides, and these factors include earthquakes, hurricanes and related storm loadings, over loading of slopes, and under consolidation of the sediment. Submarine landslides can have variety of negative human consequences. These negative consequences can include destruction of infrastructure on the seabed, subsidence of adjacent coastal areas and tsunamis. Submarine landslides can be divided into two broad categories: cohesive landslides and disintegrative landslides. Cohesive submarine landslides are characterized by distinct boundaries, by few displacements, and by the relative unimportance of pore fluid as a triggering mechanism. Disintegrative landslides are characterized by indistinct boundaries, by relatively more displacements and by the relative importance of pore fluid as a triggering mechanism (Masson et al [1] , Mulder and Cochonat [2] , Ilstad et al [3] , Bryn et al [4] , Talling et al [5] ).
A number of papers have explored various aspects of submarine landslides, including both theoretical treatments and empirical studies, where the empirical studies vary from regression models based on substantial datasets of submarine landslides to detailed case studies of individual landsides, where analysis of individual landslides is often based on GIS analysis. These papers include [6] - [16] .
In studying landslides, mobility of a landslide is often defined with respect to run-out, where run-out is defined as the horizontal distance between the initial centre of mass of the sliding material and the final resting centre of mass of the sliding material, subsequent to the landslide event. Several models have been developed to analyse landslide run-out including: (1) the Coulomb slide block model; (2) the adjustable resistance model; and (3) the mass change model. The following summary of models is based on Iverson [17] and Rickenmann [18] , where the symbols used in this discussion are summarized in Table 1 . Coulomb Slide-block Model. The Coulomb slideblock model is based on Newton's second law, and was first applied to the study of landslide run-out by Heim [19] . Development of the Coulomb slide-block model produces the following one-dimensional equation of momentum:
ρh dv/dt = ρgh sinθ -ρgh cosθ tanφ (1) Recall that the Coulomb friction angle is defined as the ratio of shear force to normal force at the sliding plane, assume that the volume of the mass is zero, cancel the factor ρh from all terms, integrate over the travel distance x, and derive the estimable equation:
In (2), H is the maximum vertical drop, L is the maximum run-out length for the landslide, and H/L is the run-out ratio. The run-out ratio is generally viewed as an appropriate metric for landslide run-out (Rickenmann [18] , Scheidegger [19] , Iverson [17] , Corominas [20] , Legros [21] , and Copons [22] ). Experimental evidence with a variety of rock and soil samples consistently yields Coulomb friction angles of 30º < φ < 40º, and substitution of this range of values in Equation (2) , run-out is often larger than predicted by (2) , and several models have been advanced to deal with the excess run-out issue (Iverson [17] ).
Adjustable Resistance Model. Several proposals attempt to increase the flexibility of the Coulomb slideblock model by replacing the Coulomb friction term by an expression which allows for the potential impact of resisting forces (Voight et al [23] ). In the adjustable resistance model, substitution of the term c -μv/h for the last term in (1), where c is cohesive sheer strength and μ is a viscosity coefficient yields (3):
Mass-Change Model. In the mass-change model, it is assumed that the landslide mass changes, in particular through progressive loss of the landslide mass (Erlichson [24] ). Generalization of the left hand side of (1) allows for the loss of mass in transit and yields the following equation of momentum:
As noted above, there is a substantial literature on submarine landslides, but there are relatively few papers which have attempted to build statistical models of mobility of submarine landslides. This paper attempts to help fill this gap in the published literature, and it makes two main contributions. First, the paper uses a comprehensive dataset of major submarine landslides off the coast of the continental United States to model landslide mobility. Second, the study examines the role of landslide cohesiveness in determining submarine landslide mobility.
Model and Data
Our empirical application relates the run-out ratio to the volume of sliding material V through this expression:
As discussed by Legros [21] , this simple equation ignores consideration of the centres of mass of the failing body and of the deposited mass, but the error introduced by this simplification is small. A further empirical application, relates the run-out area to the volume of sliding material V through this expression:
Based on the discussion above, both the mobility of a submarine landslide and the area affected by the slide may be affected by the cohesiveness of the sliding mass, so this is used as an additional covariate in the regressions.
The data used in this study comes from McAdoo et al. [16] , and it includes detailed information on 83 maritime landslides located off the coasts of the continental United States. The sample is divided into four areas: Oregon, California, the Gulf of Mexico and New Jersey. Oregon includes a total maritime area of 18,430 sq. km. with 3.0% of the area in landslides. California includes a total maritime area of 32,930 sq. km. with 7.3% of the area in landslides. The Gulf of Mexico includes a total maritime area of 61,670 sq. km. with 26.9% of the area in landslides. New Jersey includes a total maritime area of 3,040 sq. km. with 9.5 % of the area in landslides. Sample characteristics are shown in Table 2 . 
Results
In this section, we estimate models of landslide mobility and landslide area, using the theoretical development in the previous section to motivate the models. There are two sets of regressions, with the first set of regressions examining the determinants of submarine landslide run-out, and the second set of regressions examining the determinants of submarine landslide area. One of the key assumptions underlying standard regression analysis is that the distribution of error terms or residuals has constant variance or exhibits homoscedasticity. Although the estimated regression coefficients are unbiased if the error terms or residuals exhibit heteroskedasticity, the estimates of the standard errors are biased. Since the landslides in the dataset used in this analysis vary by two orders of magnitude, the assumption of homoscedasticity was examined by examining a plot of the regression of the dependent variable on the main independent variable. Since this preliminary regression analysis confirmed that the assumption of constant error terms was not appropriate, we used White's ordinary least squares estimator. White's estimator adjusts the estimated standard errors to compensate for bias due to heteroskedasticity.
We examine first the models of landslide run-out as shown in Table 3 . Model 1 provides results for a model for which we assume that there are no fixed effects due to differences across basins. The signs of the coefficients are as expected: an increase in the log volume of the landslide reduces log H/L, and the presence of a cohesive landslide (as opposed to a disintegrative landslide) increases log H/L. The coefficient on log volume is -0.40, and it is statistically significant at the 1% confidence level, while the coefficient on the cohesive dummy variable is 0.66, and it is statistically significant at the 1% level. The interpretation is that a 1% increase in the volume leads to a 0.40% reduction in mobility at the mid-point of the sample, while the presence of a cohesive landslide leads to a 0.66% increase in mobility. Adjusted R-squared is 0.35 and the overall regression is statistically significant at the 1% level.
Table 3. Determinants of Log H/L
Model (1) Model (2) Note. Standard errors for coefficients and probability for F are shown in parentheses. One, two or three asterisks indicate that the coefficient is significant at the 10%, 5% or 1% level respectively.
Model 2 provides results for a model for which we assume that there are fixed effects due to differences across basins. The signs of the coefficients are as expected: an increase in the log volume of the landslide reduces log H/L, and the presence of a cohesive landslide increases log H/L. The coefficient on log volume is -0.32, and it is statistically significant at the 1% confidence level, while the coefficient on the cohesive dummy variable is 0.60, and it is statistically significant at the 1% level. The interpretation is that a 1% increase in the volume leads to a 0.32% reduction in mobility, while the presence of a cohesive landslide leads to a 0.60% increase in mobility. Adjusted R-squared is 0.42 and the overall regression is statistically significant at the 1% level.
The dummy variables estimate the impact of region or basin measured against the Oregon region which is the default region. Since these dummy variables are all statistically significant, this suggests that there may be material differences in landslide mobility across regions.
We next examine models of landslide area as shown in Table 4 . Model 3 provides results for a model for which we assume that there are no fixed effects due to differences across basins. The signs of the coefficients are as expected: an increase in the log volume of the landslide increases log area, and the presence of a cohesive landslide reduces log area. The coefficient on log volume is 0.90, and it is statistically significant at the 1% confidence level, while the coefficient on the cohesive dummy variable is -0.23, and it is statistically significant at the 10% level. The interpretation is that a 1% increase in the volume leads to a 0.90% increase in area, while the presence of a cohesive landslide leads to a 0.23% reduction in area. Adjusted Rsquared is 0.86 and the overall regression is statistically significant at the 1% level. Note. Standard errors for coefficients and probability for F are shown in parentheses. One, two or three asterisks indicate that the coefficient is significant at the 10%, 5% or 1% level respectively.
Model 4 provides results for a model for which we assume that there are fixed effects due to differences across basins. The signs of the coefficients are as expected: an increase in the log volume of the landslide increases log area, and the presence of a cohesive landslide reduces log area. The coefficient on log volume is 0.85, and it is statistically significant at the 1% confidence level, while the coefficient on the cohesive dummy variable is -0.21, and it is statistically significant at the 10% level. The interpretation is that a 1% increase in the volume leads to a 0.85% increase in mobility, while the presence of a cohesive landslide leads to a 0.21% reduction in mobility. The dummy variables estimate the impact of region measured against the Oregon region which is the default region. Since these dummy variables are all statistically significant, this suggests that there may be material differences in landslide mobility across regions. Adjusted R-squared is 0.87 and the overall regression is statistically significant at the 1% level.
4.

Discussion
Several studies which have estimated statistical models of landslide mobility are summarized in Table 5 , which reports the main results including the standard errors where they are available. In each case, the basic functional form involves the regression of the log of run-out on the log of volume.
The main parameters of interest are the slope coefficients. The six previous study results reported in this table are all for terrestrial landslides, with the slope coefficients ranging in value from a low of -0.041 to a high of -0.16. The preferred value of the slope coefficient for the submarine landslides for this study is -0.40, which is almost three times the next largest coefficient, in absolute value. 
Conclusion
Although a large number of papers have examined mobility of submarine landslides, there are relatively few papers which examine the determinants of submarine landslide run-out and the determinants of submarine landslide area using multiple regression analysis. The purpose of this paper is to help fill this gap for submarine landslides. The paper has three main findings. First, a 1% increase in landslide volume leads to a 0.40% reduction in mobility, while the presence of a cohesive landslide leads to a 0.66% increase in mobility. Second, a 1% increase in volume leads to a 0.85% increase in area, while the presence of a cohesive landslide leads to a 0.21% reduction in area. Third, a fixed effects model may be appropriate in pooling samples across regions.
This study has two major limitations. First, the regressions are motivated by the Coulomb slide block model, which is a simple model that captures static friction but not dynamic friction. As one referee pointed out, once dynamic friction kicks in, only a relatively small force is required to continue the momentum of the sliding mass of material. It would be useful to generalize the framework used to capture dynamic effects. Second, although the regressions have significant explanatory power, and the signs and the magnitudes of the regression coefficients, appear to be reasonable, submarine landslides are complex physical phenomena. It would be useful to determine whether a richer physical framework can be modelled with existing data on submarine landslides.
